In the development of vehicles such as automobiles, it has recently become increasingly important to consider not only flow dynamic performance but also aerodynamic noises produced while driving. To evaluate and reduce the surrounding aerodynamic noises, it is necessary to use closed-circuit-type 3/4 open-jet wind tunnels, which include a comparatively large open measuring section and are known as 3/4 open-jet aeroacoustic wind tunnels or simply 3/4 open-jet wind tunnels. In these wind tunnels the same wind conditions as those around vehicles being driven can be simulated. Because the open measuring section has a nozzle, a floor and a collector, each of which generates their own aerodynamic noises, their reduction is necessary to measure the aerodynamic noises around a vehicle without interference. On the other hand, because of the pressure loss in the open measuring section, a large and powerful fan is necessary to provide the large flow required for 3/4 open-jet wind tunnels used for actual vehicles. Therefore, the authors have distinguished differences between the techniques of reducing aerodynamic noises in 3/4 open-jet wind tunnels and those in conventional open-jet aeroacoustic wind tunnels and have newly investigated appropriate conditions for reducing both aerodynamic noises and total load in 3/4 open-jet wind tunnels by various techniques, such as the use of pile-fabric materials, entrainment systems and large collectors, on the basis of experimental data obtained from various models of wind tunnels. In this paper, the details of this investigation are described with explanations of the aerodynamic noise phenomena in 3/4 open-jet wind tunnels.
Introduction
Recently, with the increasing interest in the environment, not only flow performance but also the minimization of noise pollution has become important in the development of high-speed vehicles such as automobiles, trains and airplanes. The major noises generated by high-speed vehicles are flow-induced noises, generally referred to as aerodynamic noises, resulting from the high velocity of the surrounding wind. To evaluate and reduce aerodynamic noises, aeroacoustic wind tunnels (1) are useful and necessary facilities for simulating the same wind conditions as those around actual vehicles and for measuring the aerodynamic noises generated around them. On the other hand, numerical approaches to evaluating aerodynamic noises based on computational fluid dynamics (CFD) have rapidly progressed (2) . These methods, however, need further modification to obtain reasonable and reliable results, because large and long-term unsteady calculations are required to analyze a high Reynolds number flow in order to predict aerodynamic noises around moving vehicles.
In the aeroacoustic wind tunnel, a fan and a comparatively large measuring section are connected to each other by ducts. The measuring section is generally an anechoic room to measure noise as an acoustic-free field. In this section, there are a nozzle and a collector, which generate their own aerodynamic noises. Therefore, it is necessary to reduce these noises to prevent interference when measuring the aerodynamic noises around a vehicle. Considering the above problems, the authors have already originally applied some countermeasures, such as the use of pile-fabric materials (3), entrainment systems and large collectors. With these countermeasures, the existing aeroacoustic wind tunnel (1) has one of the quietest performances in the world.
Among high-speed traveling objects, vehicles such as automobiles and trains are the most commonly studied, and many investigations and experimental comparisons of aerodynamic noise are required. For these vehicles, the aeroacoustic wind tunnel requires a floor and a half-anechoic room including the floor. This configuration of an aeroacoustic wind tunnel is called a 3/4 open-jet aeroacoustic wind tunnel or simply a 3/4 open-jet wind tunnel, whose features have been reported in many papers (4) (5) (6) (7) (8) (9) . A diagram of a 3/4 open-jet wind tunnel is shown in Fig.1 .
In 3/4 open-jet wind tunnels, the measuring section and nozzle are comparatively large, because actual vehicles are often applied as the target objects in investigations. Because of the large nozzle, the 3/4 open-jet wind tunnel requires a large flow; thus, the whole facility is inevitably large. In addition, because of the large pressure loss in the measuring section, a powerful fan is necessary not only to obtain a large flow but also to compensate for the pressure loss. Therefore, the techniques of reducing aerodynamic noises in 3/4 open-jet wind tunnels are finely adjusted to provide a balance between noise reduction and the total load in the wind tunnel facility. Furthermore, in 3/4 open-jet wind tunnels, the boundary layer controller is installed between the nozzle and the floor to control the boundary layer on the floor. As this controller generates additional aerodynamic noises, techniques of reducing them are necessary.
About these aerodynamic noises in the aeroacoustic wind tunnel and 3/4 open-jet wind tunnel, many investigations are already studied. Especially, Maruta (10) has investigated fundamental contributions of aerodynamic noises in the wind tunnel. According to these studies, the authors investigated appropriate and specific conditions for reducing both aerodynamic noises and total load. In this paper, details of this investigation, including experimental results obtained from various models of the wind tunnel and predicted background noise, are described.
2.
Distinguishing between noises in wind tunnels
Noise sources in measuring section
In aeroacoustic wind tunnels including 3/4 open-jet wind tunnels, the total noise observed in the measuring section consists of aerodynamic noises generated locally and noises propagated through circuit ducts of the wind tunnel such as the noise propagated by the fan. Here, we generally call the total noise during operation including both noises the "background noise" of the wind tunnel. Regarding the aerodynamic noises in the measuring section, different noise sources are generated in different regions by different mechanisms, as listed in Table 1 . 
Dominant equations for aerodynamic noises
For the aerodynamic noises listed in Table 1 , it is assumed that the dipole noise sources generated on walls are of importance, because wind speeds are not so high in a subsonic flow. Therefore, similarities of aerodynamic noises should be obtained by dimensional analysis based on aerodynamic noise theory; thus, nondimensional acoustic powers and Strouhal numbers are defined to distinguish between phenomena and to predict sound pressure levels of noises in actual wind tunnels. In comparing the similarities, two types of equation are applied; Type A (Eq.(1)), in which the area of each noise source and the frequency of each noise are dependent on the boundary layer thickness in the nozzle, and Type B (Eq.(2)), in which they are dependent on the dimensions of the wind tunnel such as the diameter of the nozzle. Here, both equations are applied when the flow is perfectly turbulent with a sufficiently high Reynolds number. The type of equation used for each aerodynamic noise is also given in Table 1 . 
Here, Lk is the nondimensional acoustic power (dB), St is the Strouhal number, Lp is the measured sound pressure level (dB re.20µPa), f is the frequency (Hz), and the subscripts A and B refer to the above-mentioned phenomena. In addition, V n is the main wind velocity (m/s), L n and W n are respectively the circumference (m) and width (m) of the nozzle, δ n is the boundary layer thickness (m) at the nozzle exit, r is the distance (m) between the noise source center and the measuring point, q is the directivity coefficient of the noise source, W o is the reference acoustic power (10 -12 watt), and ρ and c a are the density (kg/m 3 ) and acoustic speed (m/s) of the fluid, respectively.
Using these equations, because similar aerodynamic noises generated in the measuring section of actual wind tunnels can be predicted from the measured data obtained in scale-model tests, parametric experiments using scale models of wind tunnels are becoming not only effective but also necessary for distinguishing and reducing aerodynamic noises; however, it is difficult to evaluate and reduce aerodynamic noises in actual wind tunnels.
Especially, the equation of Type A has been verified in the large-scale low-noise wind tunnel (1) of the Railway Technical Research Institute (RTRI), which is a full open-jet wind tunnel with a nozzle of 3m width and 2.5m height. A comparison between the predicted and measured spectra of the background noise 3m downstream and 4.5m to the side of the center of the nozzle at a wind speed of 300 km/h is shown in Fig.2 . With this result, both of spectra have good agreement at the middle frequency range, and the error of the over all level is less than 1dB.
Methods of distinguishing each aerodynamic noise
To effectively reduce the aerodynamic noises generated in the measuring section, it is necessary to distinguish and evaluate each noise. To do this, comparisons of measured data obtained under different experimental conditions are more effective than those based on directivity or phased array measurements, because these noises consist of broadband random components without any obvious dominant frequency.
About this approach to distinguish aerodynamic noises in the aeroacoustic wind tunnel, Maruta (10) has reported fundamental contributions of aerodynamic noises with some experiments using different model configurations. In this study, the authors are investigating these contributions concretely with more specific models and configurations. On the basis of many noise measurements with different model configurations including only a nozzle, a nozzle with a floor, and all elements in the measuring section, each aerodynamic noise is evaluated by subtracting the other contributions from the total measured noise. After all, the background noise measured in the measuring section of the wind tunnel is predicted by adding the individual contributions. A flow chart to predict the background noise based on this procedure is shown in Fig.3 . This approach is appropriate for broad band noise like aerodynamic noises; however, it has some errors depending on measuring accuracy.
Noise reduction techniques
Since many open-jet wind tunnels have been constructed worldwide, a large number of noise reduction techniques have been applied depending on the requirements of use. Here, effective noise reduction techniques are described and their suitability for 3/4 open-jet wind tunnels is evaluated.
Sound-absorbing guide vanes: In conventional aeroacoustic wind tunnels, sound-absorbing silencers are often applied to reduce noises such as fan noise generated in circuit ducts in the wind tunnel; however, their bodies generate additional pressure loss. On the other hand, sound-absorbing guide vanes containing sound-absorbing materials are more suitable for 3/4 open-jet wind tunnels, because common guide vanes are already installed in the four corners of the wind tunnel and generate no additional pressure loss. In addition, the desired sound-absorbing performance can be realized by adjusting the length and thickness of the vanes.
Sound-absorbing walls: The duct walls in the wind tunnel should be treated with a sound-absorbing material to reduce propagated noises. The regions where sound-absorbing treatment is applied should be selected carefully by considering sound reflections. Regarding the sound-absorbing material, simple sound-absorbing blocks formed from concrete (1) can be easily used to construct large walls and provide high sound-absorbing performance at comparatively low frequencies, instead of complex structures made with glass wool and perforated plates.
Entrainment system: In the measuring section of aeroacoustic wind tunnels, entrainment flows caused by open jets are inevitable. When the entrainment flow is less, it may cause undesirable circulations or additional aerodynamic noises in the measuring section. An entrainment system (1) is a technique of smoothing this entrainment flow by controlling the ambient air with the special inlet and outlet (see Fig.1 ). Using the entrainment system, because the turbulent flow of the open jet is guided smoothly into the collector, aerodynamic noises of the collector are reduced. On the other hand, because the entrainment flow needs additional pressure loss, it is necessary that the entrainment flow rate is carefully determined to avoid increasing the load in 3/4 open-jet wind tunnels, which require a large flow.
Large collector: The aerodynamic noises of the collector are generated by collisions or interactions between vortices or turbulence and the inside surfaces of the collector. Therefore, using a larger collector, these noises are decreased. On the other hand, because a large collector causes a large pressure loss in the measuring section, it is necessary to optimize the size of the collector to balance the effects of noise reduction and pressure loss in 3/4 open-jet wind tunnels.
Pile-fabric material: According to vortex sound theory (11), because aerodynamic noises are generated by the acceleration or deceleration of vortices, it is effective to keep these vortices away from the walls to reduce the aerodynamic noises. For this purpose, pile-fabric Figure 4 : Photograph of pile-fabric material applied for reducing aerodynamic noises materials (3), which are furlike materials with soft fibers of about 10mm length, as shown in Fig.4 , are very suitable. The fine fibers of the materials keep an appropriate distance between the vortices and the rigid wall; furthermore, they provide a moderate resistance to the flow near the wall to prevent rapid acceleration or deceleration and controlling effect for the generation of vortices in the nearby boundary layer. The effect to reduce aerodynamic noises in the wind tunnel has been verified (1). In addition, pile-fabric materials can be used at a wind speed of 300km/h and are tolerant to the oily components contained in the flow. Therefore, it is reasonable to apply pile-fabric materials in 3/4 open-jet wind tunnels.
Experiments on aerodynamic noises in 3/4 open-jet wind tunnels

Experimental models
To distinguish between and reduce the aerodynamic noises in 3/4 open-jet wind tunnels, experiments using models of wind tunnel elements were performed. One of the models, installed in an anechoic room, is shown in Fig.5 . The models were constructed step by step, from a simple model of the nozzle to a model of the measuring section including a floor and a collector. The size of the models was decided to be about one-tenth that of the existing well-known 3/4 open-jet wind tunnels around the world (4-9); therefore, the nozzle had a width of 700mm and a height of 450mm, and the measuring section had a length of 1500mm. The collector was designed to be consisted of a straight duct of 450mm length and half cylinder edges of 50mm radius according to the result of CFD analyses, and the cross-section area of the collector throat was changed in accordance with the experimental conditions. This collector was always used with a sound-absorbing diffuser duct of about 4m length with diffusing angle of about 11degree. These models were installed so that they could be connected to a blow-down wind tunnel in a suitable anechoic room in Takasago Research and Development Center of Mitsubishi Heavy Industries, Ltd.
In almost all experiments, the model of a half-anechoic room was not applied as the measuring section of the 3/4 open-jet wind tunnel, because reliable measurements of aerodynamic noises could be carried out in the acoustic-free field of the convenient anechoic room. Therefore, to simulate the main and entrainment flows in the measuring section without using a model of a half-anechoic room, an ejector system was applied in experiments, as shown in Fig.6 . With this ejector system, as the static pressure near the inlet of the collector and on the floor was decrease in accordance with deceleration in the diffuser duct, ambient air near the measuring section was lead into the collector as the entrainment flow. Then, the entrainment flow could be controlled with the static pressure downstream of In the experiments, noise measurement was mainly carried out at a wind speed of 150km/h. Thus, the wind speed was set at the nozzle exit and the flow of the main wind Q n (m 3 /s) was calculated using this wind speed and the cross-section area of the nozzle exit.
The total flow Q t (m 3 /s) including the main and entrainment flows was calculated using the velocities measured at the diffuser exit and its cross-section area. In addition, the entrainment flow Q β (m 3 /s) was calculated by subtracting the main flow from the total flow, then the entrainment flow rate β was calculated by Eq.(3). In addition, the noise was measured using a 1/4 inch microphone at a measuring point set 450mm downstream and 500mm to the side of the center of the nozzle exit at 125mm height to represent the vehicle position in an actual wind tunnel.
Noise of nozzle
In the 3/4 open-jet wind tunnel, as the aerodynamic noises of the nozzle are mainly generated at the outlet edges, three sides of nozzle exit except the bottom side are assumed as the noise sources. Therefore, the aerodynamic noise of the nozzle in the 3/4 open-jet wind tunnel was estimated by subtracting the contribution of its bottom side from the noise measured in the simple nozzle experiment in accordance with length of sides. The measured and estimated sound pressure levels of the nozzle are shown in Fig.7 . In the figure, high-frequency noise in the estimated data with frequencies over 40kHz are more spread out than noise with frequencies below 31.5kHz.
Noise of floor
The aerodynamic noise of the floor was estimated by subtracting the estimated noise of the nozzle from the noise measured in an experiment with the nozzle and the floor. The measured and estimated sound pressure levels of the floor are shown in Fig.8. 
Noise of collector
The aerodynamic noises of the collector were estimated by subtracting the noise measured in experiments with the nozzle and the floor from the noise measured in experiments involving all elements in the measuring section including the collector. Here, various experiments with changes in the model configuration and adjustments of the ejector system were performed to compare the effects of reducing the aerodynamic noise of the collector at different entrainment flow rates and collector sizes and with the use of pile-fabric materials, as discussed in Section 2.4.
In the first of many experiments on the collector, the effect on the aerodynamic noise around the collector generated by the ejector system was verified. For only this experiment, a chamber model of a half-anechoic room was set on the floor, as shown in Fig.9 , then the aerodynamic noise was measured with and without this chamber model. The walls of the chamber model were made of sound-absorbing urethane foam and covered with thin transparent film, which absorbed sound at frequencies over 2kHz and transmitted sound at frequencies under 2kHz, to simulate the sound-absorbing performance over a wide frequency range in the half-anechoic room of a 3/4 open-jet wind tunnel.
The measured data both with and without the chamber model are shown in Fig.10 . According to this result, because the differences between both conditions are negligibly small, the ejector system does not affect the aerodynamic noises around the collector. Thus, in the following experiments, noise measurements were always carried out with the ejector system and without a chamber model.
On the basis of the results for the ejector system, various experiments to measure the Table 2 , were performed. Here, the size of the collector is given as the ratio of the cross-section area of the collector throat to that of the nozzle exit. When the size of the collector was changed, the length of the diffuser was controlled with an additional connecting duct, while the diffusing angle was kept. The entrainment flow ratio was controlled by the screen downstream of the diffuser duct. Typical configurations used in the experiments are shown in Fig.11 and the 1/3 octave band sound pressure levels of 1kHz estimated for all experiments by subtraction are shown in Fig.12 .
According to these results, in the case of a small collector with a section ratio of 1.5, the aerodynamic noise can be reduced using pile-fabric materials and the noise is large without them. On the other hand, in the case of a section ratio of 1.96, the aerodynamic noise with pile-fabric materials is about 1dB less than that without them. Therefore, we demonstrated that pile-fabric materials should be applied, because they reduce the aerodynamic noise for different collector sizes; however, their effect decreases with increasing collector size. Also, the noise decreases with increasing collector size, independent of the use of pile-fabric materials; however, pressure loss in the measuring section may increase with the collector size. In this investigation, because pressure loss for a section ratio of 1.96 exceeded a maximum allowable value, which was determined by the total load in the wind tunnel, the section ratio of 1.8, for which pressure loss was less than the maximum allowable value, was considered to be optimal. In addition, in the case of a larger collector with a section ratio of 1.8 or 1.96, the aerodynamic noise is comparatively low and remained almost constant at an entrainment ratio of below 0.3. On the other hand, the entrainment flow is desired to be as large as possible to prevent an adverse effect on the flow quality such as a static pressure distribution with a strong and undesirable flow circulation in the measuring section, particularly around the collector. Therefore, an entrainment ratio of 0.3 was considered to be optimal. For the above selected conditions, the measured and estimated spectra of the aerodynamic noises of the collector are shown in Fig.13 .
Noise of boundary layer controller
The boundary layer controller is generally installed between the bottom of the nozzle and the floor to control the boundary layer on the floor. For this controller, there are two types of mechanical system. One is a scoop type that guides the boundary layer into another bypass duct, and the other is a suction type that draws out the boundary layer through perforated or fine-meshed plates.
In the first of experiments, to evaluate the aerodynamic noises of different scoop-type boundary layer controllers, noise measurements were performed using one-tenth scale models with edges of different shapes and thicknesses, as shown in Fig. 14, which were set between the nozzle and the floor to guide the boundary layer. The nozzle had a smooth curvature and 99% thickness of the boundary layer was 12mm, which was about one-tenth thickness of the nozzles in existing 3/4 open-jet wind tunnels. Here, the height of the additional bypass duct was fixed at 10mm to sufficiently draw out the boundary layer with only the dynamic pressure of the flow as the driving force. The flow drawn out trough the additional duct was about 0.3m 3 /s at a wind speed of 150km/h. At a wind speed of 150km/h, because the flow was almost turbulent except the front region of the scoop edge, the aerodynamic noises of the boundary layer controller was assumed to have a similarity with the aerodynamic noises in an actual boundary layer controller; however more detailed studies about this similarity are necessary in future. Thus, in each experiment, the height of the floor was adjusted depending on the thickness of the edges to fix the height of the bottom of the nozzle. The measured spectra of the aerodynamic noises from the edges of the boundary layer controller are shown in Fig.15 . According to the results, the levels and spectra of the aerodynamic noises depend on the shape and the thickness of the edges. The most appropriate edge for the boundary layer controller was determined to be an oval shape with a thickness of 12mm, because this edge produces the least noise in the high-frequency region, which is dominant in the background noise of the actual wind tunnel.
On the other hand, because the aerodynamic noise of the boundary layer controller and the floor are dependent on each other owing to the boundary layer, it is difficult to determine each contribution. For example, the noise estimated by subtracting the noise of the nozzle from the noise measured in the experiments on the boundary layer controller, as shown in Fig.15 , includes contributions of both the floor and the boundary layer controller, which cannot be divided. In addition, the aerodynamic noises of suction-type controllers were compared with that of the optimal scoop-type controller determined above for various types of inlet. In these tests, perforated plates and fine-meshed materials were chosen as the suction inlets, and the measured noises due to the cross flow and parallel flow were added in accordance with the actual flow condition near the suction-type controller. The results are shown in Fig.16 . According to the results, the noises of suction-type controllers are larger than that of the optimal scoop-type controller; thus, suction-type controllers are not suitable for use in 3/4 open-jet wind tunnels.
Prediction of background noise in 3/4 open-jet wind tunnels
By considering the different types of noise discussed in Section 3, the background noise of the 3/4 open-jet wind tunnel was predicted using the equations in Section 2.2. In addition, to predict the background noise, the propagated noise generated in the circuit duct of the wind tunnel should be considered. To estimate the propagated noises generated by the fan, manufacturer catalog data of the acoustic power levels for the axial fan used and the sound-absorbing treatments in the wind tunnel, as listed in Table 3 , are applied to the wind tunnel.
The contributions of each noise including the propagated fan noises and the background noise are shown in Fig.17 . Here, all the data are predicted at different frequencies for the According to the predicted results, the contributions of the aerodynamic noises generated around the nozzle and the collector are almost the same. This is mainly a result of the reduced aerodynamic noise around the collector. On the other hand, the aerodynamic noise around the floor including the boundary layer controller is larger than those around the nozzle and the collector, particularly in the low-frequency region; however, the contribution of this noise is suppressed to about 3dB because of the reduced noise of the boundary layer controller. The contribution of the fan is markedly suppressed by the sound-absorbing treatments except in the low-frequency region below 100Hz.
The overall values of the predicted data are compared with data measured in other 3/4 open-jet wind tunnels (4, 6, 7), as listed in Table 4 . The predicted background noise for the 3/4 open-jet wind tunnel is the same as that for the quietest of the existing wind tunnels; however, the measuring point is different and a boundary layer controller is not used in the existing wind tunnels. Therefore, under the same conditions, the 3/4 open-jet wind tunnel investigated in this study is predicted to be quieter than other existing wind tunnels.
Conclusions
An investigation to evaluate and reduce the aerodynamic noises in 3/4 open-jet wind tunnels for vehicles such as automobiles has been performed by considering conventional approaches and new experimental methods. In particular, appropriate conditions for wind conditions, and it was estimated to be less than that of existing wind tunnels.
